The definition of severe bronchopulmonary dysplasia (sBPD) is based on respiratory support needs. The management of a patient with sBPD remains empirical and is highly variable among providers. Our objective in this study was to test the hypothesis that infant pulmonary function testing (iPFT) would reveal distinct phenotypes in patients with established sBPD during the initial NICU stay.
Bronchopulmonary dysplasia (BPD) is the most common morbidity in extremely preterm infants. 1 Despite advances in neonatal care that have led to the improved survival of extremely preterm infants, there has been no decrease in the incidence of BPD among survivors. 2 BPD was first described in 1967 by Northway et al. 3 The current definitions of BPD are based on the need for supplemental oxygen at 28 days and/or 36 weeks postmenstrual age (PMA). The National Institutes of Health and Office of Rare Diseases consensus definition of BPD, which was developed in 2001, defines BPD as a requirement for supplemental oxygen for at least 28 days in infants born at <32 weeks' gestation and classifies BPD as mild, moderate, or severe on the basis of the supplemental oxygen and level of respiratory support needed at 36 weeks PMA. 4 Severe BPD (sBPD) is defined as a need for ≥30% supplemental oxygen and/or positive pressure support at 36 weeks PMA.
There is significant practice variation in the approach to sBPD both within an institution and among institutions. 5, 6 This lack of standardization in care for patients with sBPD arises from the lack of a good definition for BPD and the widely variable patient presentation and clinical course. 7 Thus, understanding the heterogeneity of sBPD by determining the potential phenotypes in patients with sBPD will pave the way for better therapeutic strategies, modify disease progression, and/or improve the hospital course. There have been pulmonary function studies done in children and young adult survivors of BPD 8, 9 as well as preterm patients with developing BPD; however, there are little pulmonary function data in the literature from infants with established sBPD during the initial NICU hospitalization. Therefore, we tested the hypothesis that infant pulmonary function testing (iPFT) would reveal distinct sBPD phenotypes in patients with sBPD during the initial NICU stay.
METHODS
This study was approved by the institutional review board at Nationwide Children's Hospital in Columbus, Ohio, and informed parental consent was obtained from all subjects.
Subjects
Data were prospectively collected on infants who were hospitalized in the NICU with a primary diagnosis of sBPD; were referred for their first iPFT between May 1, 2003, and June 30, 2016; and had been discharged by the time of data analysis. Patients with sBPD who were failing to make significant progress were referred for iPFT, and the decision to refer for iPFT was made by consensus of the multidisciplinary BPD team. We estimate that they represent ∼15% of all patients with sBPD admitted during this time frame.
Measurement of Pulmonary Function
All iPFT was performed by using the Infant Pulmonary Laboratory (nSpire Health, Inc, Longmont, CO). If present at the time of iPFT, endotracheal tubes or tracheostomy tubes were replaced with cuffed tubes before testing. Infants were sedated with chloral hydrate and underwent raised-volume rapid thoracic compression spirometry and body plethysmography measurements as previously described. 10 -12 The reproducibility of these measurements in our iPFT laboratory have been previously reported, as have the normative data. [10] [11] [12] For those in whom bronchodilator responsiveness (BDR) was tested, albuterol was held for 8 hours before testing, and then 2 puffs of albuterol were given every 2 minutes until a 10% increase in heart rate was noted or a maximum of 8 puffs were given, and then the iPFTs were repeated. For this study, we defined BDR as a >10% increase in forced expiratory volume at 0.5 seconds (FEV 0.5 ) (percent predicted) as previously described by Goldstein et al. 11 This represents ≥2 SDs above the mean for percent change in FEV 0.5 in infants, and the coefficient of variation for FEV 0.5 is 2.2%. 11 
Data Analysis
Pulmonary function data were collected in accordance to American Thoracic Society and European Respiratory Society guidelines, 13 and data for each subject represent 3 measurements within 5% to 10% of each other. Pulmonary function testing data are given as percent of predicted. Secondary outcomes assessed included subject demographics and patient outcomes. 
Statistical Analysis

RESULTS
There were 110 infants with the primary diagnosis of sBPD who met study inclusion criteria. The demographic data of the entire cohort are given in Table 1 . In general, these patients were born extremely preterm and of extremely low birth weight, and thus were at high risk for comorbidities of preterm delivery (Table 1) . These patients had relatively long initial NICU hospitalizations ( Table 1 ). The iPFT was done at a median PMA of 52 weeks or a median corrected chronological age of 12 weeks (IQR, 5-23 weeks).
The iPFT data are presented in Table 2 . These data were used to classify patients into 1 of 3 phenotypes: (1) obstructive (FEV 0.5 <80% predicted and total lung capacity [TLC] ≥90% predicted), (2) restrictive (TLC <90% predicted and FEV 0.5 and/or forced vital capacity [FVC] ≥90% predicted), and (3) mixed (TLC <90% predicted and FEV 0.5 and/or FVC <90% predicted). By using these criteria, no patients in the obstructive group had any evidence of restriction, whereas no patients in the restrictive group had any evidence of obstruction (Table 2) . Using these criteria, we found that 56 patients could be classified as obstructive, 10 as restrictive, and 44 as mixed (Table 2) . Although the restrictive and mixed groups tended to have lower compliance of the respiratory system (Crs) than did the obstructive group, these differences did not reach statistical significance. The restrictive and mixed groups had greater forced expiratory flows than did the obstructive group ( Table 2) . The FEV 0.5 and/or FVC was significantly greater in the restrictive group than in either the obstructive or mixed groups and was greater in the mixed group than in the obstructive group ( Table 2 ). The lung volumes were significantly lower in both the restrictive and mixed groups than in the obstructive group, and there were no differences between the restrictive and mixed groups in the measured lung volumes ( Table 2 ). As expected, there was no difference in BDR (as it is defined) between the obstructive and mixed groups, whereas there was a significantly lower rate of BDR in the restrictive group than in the obstructive group (Table 2) . Patients who had a BDR had a significantly lower FEV 0.5 prebronchodilator than did those without a BDR (Fig 1) .
We then determined if there were differences among patient groups depending on the iPFT-determined phenotype, as shown in Table 3 . There were no significant differences between the groups in gestational age at birth, sex, race, antenatal steroid exposure, prenatal tobacco exposure, or family history of asthma. The patients in the restrictive group had significantly lower birth weight than did obstructive patients. There were no differences in the groups regarding respiratory support needs at 36 weeks, the timing of the iPFT, or either weight or length at the time of iPFT. Significantly more patients in the restrictive group had noninvasive support at the time of iPFT than in the other 2 groups. There was a tendency for more of the patients with obstruction to have a tracheostomy in place at the time of iPFT. The patients in the obstructive group had strikingly more ventilator days after the iPFT (P = .001) than did patients in the mixed group. There were no significant differences in NICU outcome measures among the groups. It should be noted that in this cohort of patients with sBPD, the survival rate for the entire cohort was 94% and did not differ among groups.
For the next analysis, given the relatively small number of patients with pure restriction, we combined the restrictive group and mixed group (R+M). We used 7 of the first 8 data points from Table 3 , which would have been available at the time of birth, in multiple logistic regression modeling to determine if there were any factors that were associated with the development of the R+M phenotype in patients with sBPD ( Table 4 ). Given that patients in the R+M group had a milder course with a shorter duration of mechanical ventilation after iPFT, we felt it would be important for disease progression to try to identify early factors associated with the development of the R+M phenotype in patients with sBPD. Because birth weight and small for gestational age (SGA) are related, we opted to use SGA in the model. In this cohort, only SGA had a small (but statistically significant) association with the R+M phenotype (OR 3.58 [95% CI, 1.23-10.45]; P = .02). 
DISCUSSION
In this study, we demonstrate that there are 3 distinct iPFT phenotypes in patients who are diagnosed with sBPD and were studied at a median corrected age of 12 weeks (IQR, 5-23 weeks) during their initial NICU stay. These results reveal distinct phenotypes within the current definition of sBPD that may help differentiate patients with sBPD and have implications for therapy. Thus, the findings are consistent with our hypothesis, and we suggest that phenotyping patients with sBPD may lead to improved outcomes for patients with sBPD by allowing for the development of specific and rational therapies.
We found that the vast majority of patients with sBPD who were referred for iPFT had some element of obstruction, and this result is consistent with previous reports of patients with BPD who were studied during the NICU period. In an early report, Baraldi et al 14 found that in a small cohort of infants born at ≤1250 g who developed BPD, resistance of the respiratory system (Rrs) was higher at 6 months of age than in normative data and that all infants demonstrated some degree of flow limitation at repeat testing at 2 years of age. In a more recent cohort 15 that included 43 extremely preterm infants studied at 7 ± implications for the care of the infant with sBPD. For example, infants with purely restrictive disease are more likely to respond clinically to removal from positive pressure ventilation rather than an approach that includes mechanical ventilation with large tidal volumes and a slow rate aimed at classic BPD with a component of obstruction. 19 This is borne in our finding that only 1 of the 10 patients with the purely restrictive disease required mechanical ventilation after iPFT and then only for 20 days after the iPFT study was done. Contrast this to a median of 117 ventilator days after the iPFT study in the purely obstructive group of patients. Furthermore, 9 of the 10 purely restrictive patients with sBPD were receiving noninvasive support at the time of iPFT compared with only 38% of the purely obstructive group. Thus, the identification of the infants with sBPD and purely restrictive lung disease may be useful in guiding therapy, and the respiratory support that the patients with sBPD with restrictive disease require may be different from that required by the patients with sBPD with obstructive disease.
We also found that 40% of patients had a mixed phenotype. Choukroun et al 20 reported that at 8 years of age in 14 patients who survived sBPD, 2 had a mixed phenotype. Filbrun et al 17 found that the average TLC was 83% ± 14% of predicted in their cohort of 18 patients with BPD, suggesting that at least some patients had a mixed phenotype. Similarly, in the cohort reported by Robin et al, 18 the TLC had a range of 69% to 128% of predicted, again revealing that at least some patients had a mixed phenotype. In our study, the mixed phenotype had substantially fewer ventilator days after iPFT than did the purely obstructive group. This finding again reveals that the approach and outcomes of mechanical ventilation in patients with sBPD may be influenced by the phenotype identified at the time of iPFT.
We attempted to use the data on hand to develop predictive models for the development of the R+M phenotype in patients with sBPD. Because essentially all of these patients with sBPD were on positive pressure at 36 weeks, we used the parameters that would be known at the time of birth to see if there was any association with the R+M phenotype. 24 Our data reveal that there is a subgroup of patients with sBPD who respond to bronchodilators. Therefore, we suggest that a randomized controlled trial using baseline FEV 0.5 as an entry criterion is needed to determine the long-term benefits of bronchodilator therapy in those patients with sBPD who are most likely to respond to bronchodilators.
There are some limitations to our study that should be considered. First, the cohort does not include all patients with sBPD who were admitted to our BPD service during the time frame of the study but only those who were referred for iPFT. In our institution, patients are referred for iPFT when they are not on a clinical trajectory that is suggestive of continued, slow, and steady improvement. Thus, the cohort certainly includes those patients with the severest forms of BPD. 19 Second, there is a relatively small amount of missing iPFT data. However, our cohort is the largest cohort of patients with sBPD during the initial NICU hospitalization that has been reported.
CONCLUSIONS
Patients with sBPD demonstrated 3 distinct iPFT phenotypes: obstructive, restrictive, and mixed. The obstructive phenotype was the most prevalent and was associated with greater birth weight. Although seen in only 9% of patients with sBPD, the purely restrictive phenotype and its diagnosis may be important from a therapeutic prospective because these patients can likely be weaned relatively quickly from positive pressure, and none of the purely restrictive patients were discharged from the hospital on mechanical ventilation. All 3 phenotypes revealed a subset of patients who responded to bronchodilator therapy, and responders had a lower FEV 0.5 at baseline than did nonresponders. Our findings reveal that sBPD as it is currently defined includes different phenotypes that may require different therapeutic approaches.
In patients with sBPD who are not clinically improving, we would suggest that iPFT may be considered to determine their phenotypes to help guide ongoing therapies. Given that most NICUs do not have access to a pulmonary function testing laboratory, in the long-term, it would be helpful to develop easier bedside testing to differentiate these phenotypes, and we suggest that this should be a focused area of future research. Finally, the iPFT for phenotypes could also be used to direct future therapeutic trials in patients with sBPD.
